ABSTRACT
INTRODUCTION
Vitamin D is a 9,10-seco steroid, as shown by the numbering of its carbon skeleton. Vitamin D has 2 distinct forms: vitamin D 2 and vitamin D 3 . Vitamin D 2 is a 28-carbon molecule derived from the plant sterol ergosterol, whereas vitamin D 3 is a 27-carbon derivative of cholesterol. Vitamin D 2 differs from vitamin D 3 in that it contains an extra methyl group and a double bond between carbons 22 and 23.
The most important aspects of vitamin D chemistry center on its cis-triene structure. This unique structure makes vitamin D and related metabolites susceptible to oxidation, ultraviolet (UV) light-induced conformational changes, heat-induced conformational changes, and attacks by free radicals. Most of these transformation products have less biological activity than does vitamin D.
Research has now shown that vitamin D 2 is much less bioactive than vitamin D 3 in humans (1) . The parent compounds vitamin D 2 and vitamin D 3 are sometimes referred to as calciferol.
Hydroxylation reactions at both carbon 25 of the side chain and, subsequently, carbon 1 of the A ring result in the metabolic activation of vitamin D. Metabolic inactivation of vitamin D takes place primarily through a series of oxidative reactions at carbons 23, 24, and 26 of the molecule's side chain. Metabolic activation and inactivation are well characterized and result in a plethora of vitamin D metabolites (2 (4) . Although this CPBA was valid, it was also relatively cumbersome. Technicians had to extract the sample with organic solvent, dry it under nitrogen, and purify it by using column chromatography. In addition, the assay required individual sample recovery estimates to account for endogenous losses of 25(OH)D during this extensive procedure. This assay was suitable for the research laboratory but did not meet the requirements of a high-throughput clinical laboratory. As a result, the quest began to simplify the method used to assess circulating 25(OH)D.
The major difficulty in measuring 25(OH)D is attributable to the molecule itself. 25(OH)D is probably the most hydrophobic compound measured by a protein binding assay (PBA), which constitutes CPBA or radioimmunoassay (RIA). The fact that the molecule exists in 2 forms, 25(OH)D 2 and 25(OH)D 3 , compounds the difficulties associated with its aqueous insolubility.
25(OH)D's lipophilic nature renders it especially vulnerable to the matrix effects of any PBA. Something present in the sample assay tubes that is not present in the standard assay tubes can cause matrix effects. These matrix effect substances are usually lipids, but in the newer direct assays, they could be anything contained in the serum or plasma sample. The matrix factors change the ability of the binding agent, antibody, or binding protein to associate with 25(OH)D in the sample or standard in an equal fashion. When this occurs, it markedly diminishes the assay's validity. Experience has shown that the DBP is more susceptible to these matrix effects than are antibodies (5) . The original Haddad procedure overcame the matrix problem by using chromatographic sample purification before CPBA (4).
Researchers had a strong desire to simplify the CPBA for circulating 25(OH)D, so Belsey et al (6) developed a new CBPA in 1974. The goal of this second-generation CPBA was to eliminate chromatographic sample purification as well as individual sample recovery by using 3 H-25(OH)D 3. However, researchers were unable to validate the Belsey assay because of matrix problems originating from ethanoic sample extraction.
In 1978, after several years of trying to validate nonchromatographic CPBA measurements of circulating 25(OH)D, researchers abandoned the method. Dorantes et al (7) showed that unknown substances in unchromatographed samples interacted with the DBP to cause spurious results in the CPBA; this finding sealed the fate of nonchromatographic CPBA for 25(OH)D. As a result, investigators and clinicians had to return to the Haddad method (4) or the newly introduced direct UV HPLC assay, which are slow, cumbersome, and expensive (8) . However, the early 25(OH)D CPBA of Belsey and colleagues (6) 3 , as well as its stability, made it an attractive candidate for incorporation into automated direct chemiluminescent assays. In fact, the Nichols Institute used this approach when its researchers developed the Advantage 25-hydroxyvitamin D assay. The US Food and Drug Administration approved this assay for clinical use, but Nichols Institute Diagnostics ultimately withdrew it from the marketplace due to its propensity to overestimate total circulating 25(OH)D concentrations and its inability to detect circulating 25(OH)D 2 (9) . Although never described, these problems were probably linked to the DBP's inability to resolve the matrix problems associated with a direct sample assay. Currently, the CPBA for 25(OH)D is rarely used. One cannot accurately compare CPBA results for circulating 25(OH)D concentrations from the past with values from current methods because many of the matrix interferences were not linear in the old CPBAs.
RADIOIMMUNOASSAY
In the early 1980s, my group decided that a nonchromatographic RIA for circulating 25(OH)D would be the best approach to measuring 25(OH)D. We therefore designed an antigen that would generate an antibody that was co-specific for 25(OH)D 2 and 25(OH)D 3 (10) . In addition, we designed a simple extraction method that allowed simple nonchromatographic quantification of circulating 25(OH)D (10). We further modified this assay in 1992 to incorporate a 125 I-labeled reporter and calibrators (standards) in a serum matrix. This finally made mass assessment of circulating 25(OH)D possible (11) . 
DIRECT DETECTION METHODS
Direct detection methods for determining circulating 25(OH)D include both HPLC and liquid chromatography-mass spectrometry (LC-MS) procedures (8, 12) . The HPLC methods separate and quantitate circulating 25(OH)D 2 and 25(OH)D 3 individually. HPLC followed by UV detection is highly repeatable and, in general, most persons consider it the gold standard method. However, these methods are cumbersome and require a relatively large sample as well as a radioactive internal standard. Sample throughput is slow, and a highly trained, dedicated technician needs to perform this method accurately. Thus, HPLC is not suited to a high-capacity clinical laboratory.
Researchers have recently revitalized LC-MS as a viable method for assessing circulating 25(OH)D (13) . As with HPLC, LC-MS quantitates 25(OH)D 2 and 25(OH)D 3 separately. When performed properly, LC-MS is an accurate testing method. However, the equipment is very expensive, and its overall sample throughput cannot match that of the automated instrumentation format. As a method, LC-MS compares favorably with RIA techniques (13) .
One unique problem with LC-MS is its relative inability to discriminate between 25(OH)D 3 and its inactive isomer 3-epi-25(OH)D 3 . This problem has been especially noticeable in the circulation of newborn infants (13) . As with HPLC, LC-MS requires an internal standard for each compound quantitated and a highly trained technologist to operate the system. However, its sample throughput can be much higher than that of HPLC.
RANDOM-ACCESS AUTOMATED INSTRUMENTATION
DiaSorin Corporation, Roche Diagnostics (Indianapolis, IN), and the now-defunct Nichols Institute Diagnostics all introduced methods for the direct (no extraction) quantitative determination of 25(OH)D in serum or plasma by using competitive chemiluminescence technology (9, 14) . These assays appear quite similar on the surface but they are not.
In 2001, Nichols Diagnostics introduced the fully automated chemiluminescence Advantage 25(OH)D Assay System. In this assay system, unextracted serum or plasma is added directly into a mixture containing human DBP, acridinium-ester-labeled anti-DBP, and 25(OH)D 3 -coated magnetic particles. Note that the primary binding agent was human DBP. Thus, this assay was a CPBA, much like the manual procedure introduced in 1974 by Belsey et al (6) . The major difference between these procedures was that Belsey deproteinized the sample with ethanol before assaying it. The calibrators for the Belsey assay were in ethanol. In the Advantage assay, the calibrators were in a serum-based matrix, and its developers assumed that this matrix would replicate the serum or plasma sample introduced directly into the assay system. In the end, the 1974 Belsey assay never worked and neither did the Advantage 25(OH)D Assay. As mentioned earlier, the Advantage assay constantly overestimated total 25(OH)D levels and was unable to detect 25(OH)D 2 in patients treated with vitamin D 2 (11) . The company took the assay out of the marketplace in 2006.
In 2004, the DiaSorin Corporation introduced the fully automated chemiluminescence Liaison 25(OH)D Assay System (14) . This assay was very similar to the Advantage assay, with one major difference: the Liaison assay used an antibody as a primary binding agent as opposed to human DBP in the Advantage system. Thus, the Liaison is a true RIA method. Details on this procedure are available elsewhere (14 
CHOOSING AN ASSAY PLATFORM
Clinicians and researchers must consider several factors when choosing a platform. If they do not plan to perform the assay frequently, they should consider developing an in-house assay that uses HPLC rather than purchasing commercial kits, because commercial kits produce more variable results when inexperienced technicians use them (15) . In addition, HPLC methods allow the technician to monitor the performance of standards in real time and to develop recovery estimates by using 3 H-25(OH)D 3 ; these features make it easier to address problems when they arise.
For laboratories requiring higher throughput, a commercially available manual RIA is more appropriate because of its higher throughput capacity. The highest throughput reference laboratories typically use automated platforms or automated LC-MS because they can process thousands of samples per day with these methods.
When considering commercially available assays, one must ensure that the assay can recognize both vitamin D 2 
CLINICAL REPORTING OF CIRCULATING 25(OH)D CONCENTRATIONS
As difficult as it is to believe, the clinical community has begun to debate whether it is better to report separate values for circulating 25(OH)D 2 Why then is the debate occurring? Simply, the debate is occurring because of the widespread use of LC-MS technology by clinical reference laboratories. As I mentioned earlier in this text, because of the nature of the LC-MS assay, laboratories that use this method must quantitate 25(OH)D 2 and 25(OH)D 3 separately. Some of these reference laboratories advocate reporting separate values because they claim that doing so is superior to simply adding them together to create a total 25(OH)D value. Absolutely no scientific evidence, not even a single publication, supports this claim, however. Some reference laboratories have actually charged separately for 25(OH)D 2 and 25(OH)D 3 measurements by charging inappropriate Current Procedural Terminology (CPT) codes. This practice is unethical and must not continue. The only CPT code for 25(OH)D (calcifediol) reimbursement is 82306, which should be the only one billed. In fact, research has actually shown that this type of separate reporting confuses clinicians (16) . The fact is that it is total 25(OH)D that actually drives a clinician's decision to treat. Furthermore, 99% of all patients tested will have no circulating 25(OH)D 2 because 25(OH)D 2 will be present only if the patient is under treatment with Drisdol. This is not to say that the separate determination of 25(OH)D 2 and 25(OH)D 3 is not useful in a research environment; it is. We have been using this separation in our research for nearly 3 decades (1, 17, 18) . It simply has no special clinical diagnostic utility.
STABILITY OF 25(OH)D AND 1,25(OH) 2 D IN SERUM OR PLASMA
Researchers have known for nearly 30 y that endogenous 25(OH)D and 1,25(OH) 2 D are extremely stable in serum or plasma (19) . Lissner et al (19) showed that vitamin D metabolites in blood stored at 24°C for up to 72 h remain intact. Recent studies on the stability of 25(OH)D in plasma or serum that has undergone many freeze-thaw cycles have reported the same stability (14, 20) Why are vitamin D and its metabolites so stable in serum or plasma when they are insulted with UV light, temperature shifts, or oxidation? One reason is that UV light penetrates aqueous media very poorly. However, the main reason is probably that in serum or plasma, vitamin D and its metabolites are essentially bound completely to the serum DBP and this complex resists potential insults to the vitamin D molecule very effectively. In conclusion, 25(OH)D and 1,25(OH) 2 D are very stable in serum or plasma, so they require only minimal attention to storage conditions. (9) . Nichols Institute Diagnostics chose not to respond to the concerns that DEQAS identified. The company subsequently went out of business and its Advantage 25(OHD) assay is no longer on the market. As this example shows, DEQAS provides an invaluable service to the vitamin D assay community. In the future, I hope that DEQAS can incorporate the new National Institute of Standards and Technology 25(OH)D calibrators into its survey in some fashion.
The DEQAS survey has shown that most current 25(OH)D assay protocols perform in a comparable fashion with respect to absolute values, assay linearity, and assay precision. However, the survey results also show that the only assays that quantitatively detect total 25(OH)D are HPLC methods, LC-MS methods, and the DiaSorin assays.
CONCLUSION
I have described the history of vitamin D assay development. The first 25(OH)D assays were largely nonchromatographic CPBAs that were invalid due to interactions between the DBP and substances in unchromatographed samples. When developers incorporated DBP into automated direct chemiluminescent assays, these assays tended to overestimate circulating 25(OH)D concentrations and could not detect circulating 25(OH)D 2 . The DiaSorin RIA uses an antibody that is co-specific for 25(OH)D 2 and 25(OH)D 3 and allows nonchromatographic quantification of total circulating 25(OH)D. Laboratories now use this assay for clinical diagnosis of vitamin D deficiency. Laboratories can also measure circulating 25(OH)D directly by using HPLC and LC-MS, but these more time-consuming assays require far more expensive equipment.
I have also discussed the importance of reporting total 25(OH)D concentrations to clinicians, who base their decisions on the total values rather than on separate 25(OH)D 2 and 25(OH)D 3 concentrations. I showed that vitamin D and its metabolites are stable in serum and plasma and therefore do not need elaborate storage arrangements. Finally, I discussed the value of the services provided by DEQAS to ensure the quality of vitamin D assays.
